The biosynthesis of IgM by the Epstein-Barr virus-negative RAMOS lymphoblastold cell line infected with an influenza A virus, fowl plague virus Dobson strain (FPV-B), was investigated. The results show that FPV infection of RAMOS cells slightly inhibited overall cellular protein synthesis only at 24 h after infection, despite the synthesis of FPV-specific proteins. However, even at this time, the synthesis and secretion of IgM were not affected by virus infection. Secreted IgM contained a reduced amount of sialic acid. The quantity of the asialylated IgM increased proportionally to the amount of enzymically active neuraminidase, suggesting that the asialylation of IgM is due to the action of virus neuraminidase. No such asialylated IgM was observed in RAMOS cells infected with measles virus, which does not possess neuraminidase. These results, together with a previous observation of ours that asialylated immunoglobulins acquire an altered antigenicity, suggest that the modulation of enzyme activities in B lymphocytes in response to an exogenous aggression may lead to disturbances in the structure and in the antigenic properties of immunoglobulins.
INTRODUCTION
Several recent reports have drawn attention to the role of carbohydrate moieties in the biosynthesis, assembly, intracellular transport and secretion of immunoglobulins (Sidman, 1981; Singer & Williamson, 1980; Blatt & Haimovich, 1981; Hickman & Kornfeld, 1978) . In murine plasmablasts, in which glycosylation is inhibited by deoxyglucose or tunicamycin, completely unglycosylated IgM chains are polymerized but are secreted at a reduced rate (Tartakoff & Vassalli, 1979) . Therefore, if glycosylation does not appear to be essential for polymerization, it would seem to be necessary for efficient secretion of immunoglobulins. In several cases, the carbohydrate chains have been shown to be of prime importance in maintaining the solubility of glycoproteins (Leavitt et al., 1977; Gibson et al., 1979) , their secondary structure (Wang & Hits, 1977) and in protecting them from proteolysis (Schwarz et al., 1976; Olden et al., 1978) . More recently, we demonstrated that removal of the terminal sialic acid of IgG by immobilized neuraminidase modifies the structure of immunoglobulins, which in turn affects their antigenicity (Duc Dodon & Quash, 1981) .
These results, together with those of Winkelhake & Nicolson (1976) , show the importance of sialic acid to IgG turnover in vivo and led us to postulate that an increase of neuraminidase activity in B lymphocytes may modify the structure of Ig secreted by these cells. Such an increase might occur under various pathological conditions, e.g. the infection of B lymphocytes with neuraminidase-containing viruses. Since neuraminidase is one of the structural proteins of viruses belonging to the Orthomyxoviridae, we used this model to explore how immunoglobulin synthesis, secretion and sialylation may be modified in lymphocytes infected by one of these viruses.
The present study describes the effects of the replication of an influenza virus, fowl plague virus (FPV-B), on the production, secretion and sialylation of IgM synthesized by a continuous human lymphoma cell line, RAMOS. FPV-B is a variant of FPV adapted to grow in mammalian 0022-1317/82/0000-5099 $02.00©1982 SGM cells (Zavada, 1969; Israel et al., 1975) . Additionally, experiments were performed with measles virus (which belongs to the Paramyxoviridae and does not possess neuraminidase) to determine whether virus infection per se impairs IgM glycosylation.
METHODS

Cells.
RAMOS is an Epstein-Barr virus (EBV)-negative human B lymphoma line which produces IgM (Klein et al., 1974) . These cells were grown in RPMI 1640 medium supplemented with 10~ foetal calf serum in a CO2 atmosphere. Secondary chick embryo cells (CEC) were grown in minimum essential medium supplemented with 10~o foetal calf serum and 10~o tryptose phosphate broth.
Viruses. A variant of an influenza virus, FPV Dobson strain, was used in this study. This variant (referred to as FPV-B) was adapted to grow on mammalian cells. After several passages on mouse L cells, the virus was cloned three times on the same ceils (Zavada, 1969; Israel et al., 1975) . Virus stocks were prepared by inoculating embryonated eggs with 10 -~ p.f.u, and, after incubation at 37 °C for 48 h, the allantoic fluids were collected. A yield of l09 p.f.u./ml was usually obtained, as assessed by titrating the virus on CEC. Measles virus (Hall6 strain of subacute sclerosing panencephalitis virus) was grown in Vero cells.
Haemagglutinin and neuraminidase determinations. Haemagglutinin was titrated using 1 ~ fowl erythrocytes at 4 °C. Neuraminidase was assayed by the thiobarbituric acid method using fetuin as substrate, according to the World Health Organization (WHO) standard procedure (Aymard-Henry et al., 1973) .
Injection of cells. RAMOS cells were infected with FPV-B at an m.o.i, of about 30 to 40 for 60 min at room temperature. After two washings with phosphate-buffered saline (PBS) the infected cells were suspended in growth medium. Infection of RAMOS cells with measles virus was carried out at an m.o.i, of 10.
Labelling procedures. Uninfected or virus-infected cells were labelled for the times indicated using radioactive amino acids and sugars to follow the kinetics of IgM synthesis. Cells (2 x 106) were incubated at 37 °C in 2 ml methionine-free medium containing 20 taCi/ml [35S]methionine (sp. act. 1004 Ci/mmol, Amersham International) or in 2 ml complete medium containing 10 ~tCi N-[3H]acetyl-mannosamine (sp. act. 500 mCi/mmol, Amersham International). The latter radiolabel was used because it allows the labelling of sialic acid to the exclusion of any other sugar; however, judging from a prior study (Yogeeswaran & Tao, 1980) , the labelling period with this precursor should be long enough to allow the transformation of N-acetyl-mannosamine into sialic acid via CMPsialic acid. Therefore, RAMOS cells were preincubated with N-[3H]acetyl-mannosamine for 18 h before infection. Once infection was carried out, the precursor was again added and maintained at the same concentration throughout the experiment as that used during preincubation. For [35S]methionine labelling, no further radioactive methionine was added; instead, complete medium containing cold methionine and 10~ foetal calf serum was added to permit efficient cell growth and virus replication for the further duration of the experiment (5 h). The cultures were centrifuged for 10 min at 500 g and the cells separated from the supernatant, which was itself centrifuged for a further 2 h at 30000 g to remove insoluble matter.
To follow the rate of protein synthesis in virus-infected cells, samples of the cell suspension (2 × 106 cells) were centrifuged, and the cells resuspended in methionine-free RPMI 1640 medium (5 x 105 cells/ml) and incubated for 30 min at 37 °C. The cells were then labelled with [35S]methionine in the presence of 2~ dialysed foetal calf serum. After the labelling period, the cells were collected by centrifugation and washed twice with PBS. Cellular proteins were precipitated by adding an equal volume of 10~o trichloroacetic acid (TCA). After centrifugation, the acid-insoluble material was dissolved in 1 M-NaOH and the radioactivity counted; protein was determined by the method of Lowry et al. (1951) .
Precipitation of cellular proteins. Cells were resuspended in PBS and precipitated with TCA at a final concentration of 5 ~o-The supernatant (corresponding to the acid-soluble pool) was saved for determination of radioactivity and for identification of the labelled material. The precipitate was washed twice and dissolved in 0.1 ~I-NaOH. The radioactivity present in the protein fraction was determined by scintillation counting in Pico-Fluor on a Prias counter (Packard).
IgM extraction by immunolatex. Culture medium containing labelled IgM was incubated for 1 h at 37 °C with rabbit IgG specific for the human ~t (heavy) chain and covalently bound to latex spheres, according to the method of Quash et al. (1978) . The reaction was performed in RIPA buffer [0.15 M-NaCI, 0-05 M-Tris-HC1 pH 7.2, 1 Triton X-100, 1 ~ sodium deoxycholate, 0.1 ~ SDS, 1 mM-EDTA and 5 mg/ml bovine serum albumin (BSA)] with gentle shaking. After incubation, the immunolatex spheres were centrifuged at 11000 rev/min for 5 rain and thoroughly washed three times with RIPA buffer to eliminate any non-specifically adsorbed material. The immunolatex spheres were resuspended in 0.14 M-NaCI and aliquots taken for determination of radioactivity. IgM which had reacted with the immunolatex was eluted with 0.01 M-HCI pH 2. The eluate, after separation from the spheres by centrifugation, was dialysed against 0.14 M-NaC1 and 0.01 M-phosphate buffer pH 7.5, and its sialic acid content measured by a fluorimetric method (Hammond & Papermaster, 1976) .
Protein was determined by the method of Lowry et al. (1951) using BSA as a standard.
Polyacrylamide gel electrophoresis (PAGE) and autoradiography. SDS-PAGE was performed according to the method of Laemmli (1970) , using a 15% concentration of polyacrylamide. The IgM eluates or the spheres themselves which had reacted with IgM were dissociated in electrophoresis buffer containing 1% SDS and 1% 2-mercaptoethanol at 100 °C for 3 min. 14C-labelled standard mol. wt. markers (myosin, 200K; phosphorylase b, 92-5K; BSA, 69K; ovalbumin, 46K ; carbonic anhydrase, 30K; all from New England Nuclear) were run together with IgM. Proteins were visualized by fluorography according to the procedure of Bonner & Laskey (1974) . Gels were held in contact with Kodak RX-2 X-ray film and stored for the required exposure time at -70 °C.
Determination of virus neuraminidase activity by a radioactive assay.
Approximately 2 x l0 s RAMOS cells were infected by FPV-B at an m.o.i, of 30. Cells were collected over a 24 h period at different times after infection. Cell lysates were prepared by washing ceils in PBS and then resuspending them in 2 ml lysing buffer (0.14 M-NaC1, 0"5% Nonidet P40, 10 mM-Tris-HCl pH 7.5, 1.5 mM-magnesium acetate) for 15 min. The mixture was sonicated and the supernatant fractions prepared by centrifuging the cell lysates for 10 rain at 500 g. These supernatant fractions were incubated at 37 °C with 3Hqabelled IgM, with the 3H label in its sialic acid moiety (500 d/min/assay).
3H-labelled IgM used in the assay was isolated from the medium by precipitation with 5 % TCA in the cold and, after two washings with 5% TCA, was redissolved in 0.14 M-NaCI and dialysed. The same assay was performed with 10 Ixl of neuraminidase (sp. act. 1 U/mh 1 unit will liberate 1 Ixmol of N-acetylneuraminic acid per min at pH 5, 37 °C) from Vibrio cholerae (Behringwerke, Marburg, F.R.G.). After 18 h incubation, radiolabelled IgM was precipitated with cold TCA at a final concentration of 5% and the supernatants were measured directly for radioactivity.
RESULTS
Replication of FPV-B in RAMOS cells
RAMOS cells were infected with FPV-B at an m.o.i, of 30 to 40. At 24 h after infection, more than 90 % of the infected RAMOS cells were still viable, as determined by trypan blue exclusion. Cytopathic effects thereafter were more evident, although at 36 and 48 h after infection, 70% and 50% of the infected cells respectively, were still viable.
To determine the effect of FPV infection on the rate of host protein synthesis during the first 24 h after infection, infected ceils were labelled for 30 min with [35S]methionine at 13 and 24 h after infection, and the incorporation of label into TCA-precipitable material was determined. The results indicate that host protein synthesis was not impaired in RAMOS cells 13 h after infection, and only a slight inhibition (about 25 %) was observed 24 h after infection.
The cytoplasmic extracts of infected RAMOS cells were examined by SDS-PAGE ( Fig. 1) . At 8 h after infection (Fig. 1, lane 2) , FPV-specific proteins were below the level of detection, but at 24 h (Fig. 1, lane 3) virus proteins were present in the cell extracts in detectable amounts. The nucleocapsid (NP), non-structural (NS) and membrane (M) proteins were synthesized in relatively larger amounts than haemagglutinin (HA).
The presence of cellular proteins in SDS-PAGE of cytoplasmic extracts of infected RAMOS cells harvested 24 h after infection also indicates that synthesis of virus proteins in FPV-infected RAMOS cells was not accompanied by the shut-off of host protein synthesis. In comparison, SDS-PAGE of cytoplasmic extracts from FPV-infected CEC (Fig. 1, lane 4) indicates that FPV infection caused a rapid inhibition of host protein synthesis concomitant with the synthesis of FPV-specific proteins. In addition, densitometer tracings of the autoradiographs confirm that FPV infection of RAMOS cells failed to shut off host protein synthesis (Fig. 2) .
In SDS-PAGE, NP and neuraminidase have the same electrophoretic mobility, and only trace amounts of labelled HA could be detected. The activity of the two virus proteins, HA and neuraminidase, was measured in extracts from FPV-infected cells using biological assays (Table  1) . In RAMOS cells, HA was not detected at 8 h after infection, but by 24 h had reached a titre of 512 haemagglutinating units (HAU)/ml. Neuraminidase activity which could not be detected at 8 h rose to a level of 18 mU (using fetuin as substrate) by 24 h after infection. In comparison, both activities were readily detectable in CEC at 8 h after infection.
Since host protein synthesis is still effective in infected RAMOS cells, even at 24 h after infection, FPV infection of this human lymphoblastoid cell line was retained as the model provides a useful one to study the influence of virus infection on immunoglobulin production by lymphocytes. 
Effect of FPV-B infection on IgM secretion
To determine the effect of FPV-B infection on the synthesis and secretion of IgM, mockinfected cells and FPV-infected cells were labelled with [3SS]methionine in pulse-chase experiments. Incorporation of radioactive label was allowed to proceed for 1 h in labelling medium, followed by a further 5 h in complete medium. IgM was then isolated from the cell culture medium with anti-IgM latex spheres (the amount of immunolatex specific for IgM used in these experiments was always in excess of the amount of IgM secreted in the medium, as determined by preliminary assays). Cells were harvested at the same time intervals, precipitated with TCA, and the amount of radioactivity on anti-IgM latex spheres and in acid-insoluble material was determined. The amount of IgM secreted was then calculated from the specific activity of cellular proteins. The cumulative IgM secretion by FPV-infected RAMOS cells was compared to that by uninfected cells. The results (from three experiments) are shown in Fig. 3 . They indicate that 2 x 106 RAMOS cells were able to secrete 1-2 I.tg IgM per 24 h, whereas FPVinfected RAMOS cells secreted 1-3 ~tg. These experiments clearly establish that IgM secretion is not impaired in FPV-infected cells during the first 24 h of infection. Cells were labelled for a period of 18 h before infection and then continued after infection. Cells were harvested at the times indicated and the TCA-precipitable radioactivity counted.
Kinetics of neuraminidase production
After establishing that IgM secretion was not impaired in FPV-infected RAMOS cells during the first 24 h, it was then feasible to analyse the effects of virus neuraminidase on the sialylation of IgM secreted by FPV-infected RAMOS cells. It is well-established that the specific effect of neuraminidase is to hydrolyse the glycosidic bond between end-terminal sialic acid and a penultimate sugar. Detection of neuraminidase between 8 h and 24 h after infection was first performed by the WHO standard procedure (Aymard-Henry et al., 1973) (Table 1) . However, this method was not sufficiently sensitive to detect trace amounts of neuraminidase.
Therefore, a radioactive assay was designed to detect neuraminidase at earlier times after infection. In this assay, the substrate consisted of IgM labelled in its sialic acid residues, and was obtained from the culture medium of uninfected RAMOS cells grown in the presence of N-[3H]acetyl-mannosamine, a precursor of sialic acid. With this substrate, it was found that enzymically active neuraminidase was present in lysates of infected RAMOS cells as early as 8 h after infection, after which activity increased linearly up to 18 h and started to decline thereafter (Fig. 4) . Therefore, in further experiments, the effects of neuraminidase were analysed between 12 h and 24 h after infection.
Effect of FP V-B infection on sialylation of proteins
To determine whether the increased neuraminidase activity had any effect on the sialic acid content of cellular proteins and on that of secreted IgM, RAMOS cells were preincubated with N-[ 3H]acetyl-mannosamine for 18 h before infection. Once infection was carried out, the precursor was again added and maintained throughout the experiment. At various times after infection, cells were harvested and precipitated with TCA, and the radioactivity in the acid-insoluble material was determined. The results shown in Fig. 5 (from three separate experiments) indicate that modifications in the level of sialylation of cellular proteins were observed 12 h after infection. In fact, it was found that the degree of sialylation of cellular proteins in infected cells, compared to that of cellular proteins in non-infected cells, decreased by about 20 to 25 ~. Similar modifications were observed at 18 h and 24 h after infection.
Effect of FP V-B infection on sialylation of IgM
IgM secreted into the culture media was isolated with the aid of anti-IgM-latex spheres as described above. The 3H radioactivity and the protein content of the isolated IgM were measured and the results are shown in Fig. 6 . The specific activity oflgM secreted by uninfected cells was constant at 12 h, 19 h and 25 h after seeding. In contrast, in FPV-infected cells the specific activity of the secreted IgM decreased from 12 h to 25 h after infection. These results provide evidence that IgM secreted by FPV-infected RAMOS cells are asialylated. The proportion of asialylated IgM increased with time, passing from 29~ at 12 h to 41 and 44~ at 19 h and 25 h respectively. These results either suggest that only a fraction of the secreted IgM has undergone asialylation, or that every molecule of secreted IgM is only partially asialylated. The separation of IgM secreted from infected RAMOS cells by electrofocusing may distinguish between these two possibilities. Finally, we were able to establish a direct correlation between the secretion of asialylated IgM by FPV-infected RAMOS cells and the increase of virus neuraminidase activity in these same cells (see Fig. 4 and 6). However, it was still possible that the glycosylation of virus proteins might cause a reduction in the sialic acid content of IgM secreted by FPV-infected cells through competition. To assess this hypothesis, RAMOS cells were infected with measles virus (which does not possess neuraminidase). The data obtained indicated that measles virus infection did not impair the synthesis of cellular proteins up to 48 h after infection. All the measles virus proteins were synthesized during this period. When the level of sialylation of IgM was analysed at 30 h after infection, no significant difference was found compared to that of the IgM secreted by non-infected cells. (The specific activity of IgM secreted by measles virus-infected RAMOS cells was 860 d/min/pg whereas that of IgM secreted by uninfected cells was 770 d/min/~tg.)
DISCUSSION
The present study examined the effects of a virus infection on IgM synthesis, glycosylation and secretion. The experimental model used in these investigations was the IgM-secreting RAMOS human lymphoblastoid cell line infected with an influenza virus, FPV-B, which possesses neuraminidase. We have confirmed the observations of Brownson et aL (1979) that lymphoblastoid cells were able to synthesize FPV-specific proteins. We have observed that cellular protein synthesis was slightly affected only at 24 h after infection (Fig. 1) . Moreover, IgM synthesis and secretion occurred at the same rate in infected and uninfected cells. These observations were not unique to the replication of FPV-B in RAMOS cells, since measles virus, which does not contain a neuraminidase, also had no effect on host protein synthesis. Creager et al. (1981) have recently compared the responses of human lymphoblastoid cells to infection with vesicular stomatitis virus (VSV). They showed that in T cell lines VSV infection rapidly shut off host cell protein synthesis, while in B cell lines VSV infection failed to shutoff host protein synthesis, despite the presence of all VSV structural proteins. In this connection, these authors proposed that the VSV inability to prevent host cell protein synthesis in B cells might be correlated with the expression of EBV nuclear antigen in these cells.
Virus infection of RAMOS ceils with FPV-B provided a convenient model to analyse the effects of virus neuraminidase on the sialic acid content of secreted IgM. An assay, designed to follow the kinetics of neuraminidase production in RAMOS lymphoblasts (using immunoglobulins specifically labelled in their sialic acid residues as substrate), demonstrated that neuraminidase activity increased linearly from 8 h to 20 h after infection. Hence, this time period was chosen to examine the effect of neuraminidase action on the sialylation of IgM.
From these experiments emerged the original finding that the immunoglobulins secreted by infected ceils were less sialylated than those secreted by uninfected cells (Fig. 6) . Moreover, there was a good correlation between the level of asialylation of these immunoglobulins and the level of neuraminidase activity. The decrease in sialylation found in secreted IgM could reflect either the complete asialylation of some IgM molecules or the partial hyposialylation of each IgM molecule. The results do not distinguish between these two hypotheses. However, the former could be compatible with the model proposed for sialylation at discrete membrane sites (Hoflack et al., 1979) . On this basis, asialylation would therefore depend on the proximity of these sites to the site(s) of neuraminidase insertion in the membrane.
Since secretion of IgM was not impaired after asialylation, it may be concluded that this last glycosylation step is not necessary for secretion. However, asialylated IgM might be released into the medium because of membrane alterations caused by virus replication.
Several previous reports have helped in assessing the biological significance of our observations. Although efficient influenza replication seems to be limited to the respiratory tract epithelium (Denman & Pinder, 1974) , the presence of virus-specific antigens on the peripheral blood lymphocytes of patients suffering from influenza has been observed (Wilson et al., 1976) . Moreover, it has been shown that some influenza viruses are mitogenic for lymphocytes (Butchko et al., 1978) , and it is now well-established that mitogen-activated lymphocytes are more permissive for replication of a wide variety of RNA and DNA viruses (Woodruff & Woodruff, 1975) .
While the importance of neuraminidase-containing viruses has been underlined by this study, it must be borne in mind that many bacterial strains secrete neuraminidase, e.g. streptococci, pseudomonads, corynebacteria (Rodriguez-Iturbe et al., 1981 ; Leprat & Michel-Briand, 1980; Warren & Spearing, 1963) . Moreover, since an increase of neuraminidase activity in lymphocytes leads to the production of asialylated immunoglobulins, it may be conceived that a decrease in sialyltransferase activity in these ceils would act in the same way.
Whatever the implication of either neuraminidase or sialyltransferase activities in the asialylation of immunoglobulins under various pathological conditions, it remains that asialylated rabbit IgG is immunogenic when injected into autologous hosts (Duc Dodon & Quash, 1981) . Immunogenicity induced in autologous hosts by glycoproteins either after asialylation or after modified glycosylation could be one of the factors which contribute to the production of immune complexes. For example, it was found that the sialic acid content of rheumatoid factor IgG and IgM is lower than that of normal IgG and IgM (Duc Dodon & Quash, 1981) . This observation and the results reported here imply that the modulation of enzyme activities in B lymphocytes in response to an exogenous aggression may lead to disturbances in the structure and antigenic properties of immunoglobulins and thus interfere with the functions of these cells (Denman, 1979; Proffitt, 1979) .
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